ABSTRACT A transmitting coil with a tumbler structure is presented to improve lateral misalignment tolerance of a wireless power transfer (WPT) system with a planar receiver. The tumbler is made of an acrylic ball and soil. A planar spiral receiving coil wound by Litz wire is centered by Nd-Fe-B magnets. A spherical cap transmitting coil centered also by Nd-Fe-B magnets sticks on the inner surface of the acrylic ball. When lateral misalignment occurs, the transmitting and receiving coils can achieve self-align with the action of magnetic force, and thus the transfer efficiency is improved. A WPT system consisting of two coils with 6 cm outer radii resonated at 107 kHz is studied. A concise theoretical analysis based on circuit model is given first, and then experimental data are reported. The positive correlation between magnetic force and tracking range is given by comparison. Especially, when the transfer distance is 1.5 cm, the WPT system has a 75.5% peak efficiency and a 3.52 W load power at zero lateral misalignment and the tracking range is from 0 to 8.5 cm; In the tracking range the WPT system has a 70.0% average efficiency and the load power maintains over 94.7% of the peak load power. With the increase of transfer distance, the improvements of transfer efficiency and the tracking range both decrease gradually, and the efficiency loss within the tracking range also increases gradually.
I. INTRODUCTION
Wireless power transfer (WPT) has been taken as an ideal technical solution for charging electric equipment. WPT has been used in various areas, such as electric vehicles [1] - [3] , RFID [4] , [5] , and implantable devices [6] - [8] . However, transfer efficiencies of WPT are very sensitive to misalignment of transmitting and receiving coils. In the literature, there are two ways to improve misalignment tolerance, (1) parameters adjustment for optimum state of WPT system, (2) optimizing coil structures to smooth the decay of the coil coupling [9] .
In the method of parameter adjustment, optimal compensation capacitors is adopted to alleviate the variation of reflected impedance caused by misalignment [10] , and the WPT system maintains over a 89.1% peak efficiency of alignment in lateral misalignment of 50% coil size. Reference [11] uses a variable inductance (current controlled inductors) and a variable switching frequency to compensate misalignment. The proposed power-electronic-based tuning scheme can keep a relatively constant output power in range of about 35% coil
The associate editor coordinating the review of this article and approving it for publication was Lin Zhang. radius. In [12] , a resistance compression network (RCN) and a phase compression network (PCN) are used to suppress magnitude and phase variations of impedance respectively. The combination of RCN and PCN can achieve over 95% transfer efficiency in lateral misalignment of 40% coil size.
In the method of optimized coil structures, a planar-four-D coil WPT system is proposed in [13] . When the lateral misalignment is one coil radius, there still is a double D coil to achieve a strong magnetic coupling. The proposed system maintains a 70% efficiency over a misalignment distance about 66% of the radius of the receiving coil. In [14] , a cylindrical transmitting coil is designed, and the planar receiving coil has a transfer efficiency above 40% for the entire 360 • misalignment. In [15] , a bio-inspired joint made of two spherical structures is given, and the receiving coil can rotate inside the transmitting coil. The transfer efficiency changes from 95.75% to 96% when receiving coil rotates from 0 • up to 85 • . Analogously in [16] , according to the characteristics of the spheroid joint, a hemispherical transmitting coil and a spherical receiving coil are designed. The maximum transfer efficiency of the designed system is 91%, and the transfer efficiency is always higher than 80% when the receiving coil rotates freely. Coils of spherical structure always can alleviate the adverse effect of angular misalignment.
In [17] , [18] , with the increase of angular misalignment between the coils, the mutual inductance increases first and then decreases. It is inspired that transfer efficiency can be optimized by adjusting the angular misalignment between the coils.
So a tumbler structure with spherical cap coil driven by magnets is presented in this study. This structure convert most of lateral misalignment into angular misalignment to maintain a high transfer efficiency by tracking the position of the receiving coil. It is a mechanical solution to the lateral misalignment issue. The proposed system can be applied to wobbly receiving coils: (a) Autonomous underwater vehicles in the pipeline (b) implant equipment in the seat, Fig.1 .
II. PROPOSED WPT SYSTEM
The tumbler structure of the proposed WPT system is shown in Fig. 2 . In Fig. 2 , a spherical cap transmitting coil with a cylindrical permanent magnet in the middle sticks on the inside of an acrylic ball. The bottom of the ball is filled with soil, and a cylindrical Nd-Fe-B permanent magnet is fixed at the top. A Litz wire winds around the magnet tightly to form a spherical cap spiral coil. The receiving planar coil is also wound by a Litz wire and a Nd-Fe-B permanent magnet is also in the middle of the coil.
Nd-Fe-B magnets have a similar permeability to air and exhibit five times more remanence than ferrite magnets, which means little effect on magnetic coupling between coils and stronger magnetic force between magnets. According to the principle of a tumbler, the spherical cap coil can rotate in any direction to track the receiving coil with the action of magnetic force, and the transmitting coil will return to its original position by gravity when the magnetic action decreases to some degrees.
In Fig. 2 In addition, t is lateral misalignment of receiving coil. d is the transfer distance between the transmitting and receiving coils. A is the angle between the plumb line and the line O ' r G when the spherical cap coil track the receiving coil with the action of magnetic force. r out is the outer radius of the acrylic ball. Ar out is the arc length from G to G of the ball. It's the distance the ball travels on the ground.
A. CIRCUIT MODEL OF THE SUGGESTED WPT SYSTEM
The simplified schematic diagram of the suggested WPT system is shown in Fig. 3 . The equivalent circuit includes the power source, the transmitting and receiving coils, resistance and capacitance. The matching capacitors c p and c s are connected to the coils l p and l s in series, respectively. R s is the load resistance. R w1 include the internal resistance of l p , c p and the output resistance of the power source. R w2 includes the internal resistance of l s and c s . M is the mutual inductance. i p and i s is the current in the primary and secondary side, respectively. The impedances of the coils are:
The currents are
The load voltage is
The load power is
The input power is defined by:
In (5), u lc refers to the voltage across the transmitting coil and the transmitting capacitor. θ is the phase difference between u lc and i p .
The measured transfer efficiency is deduced as
B. PARAMETER BETWEEN THE SPHERICAL CAP COIL AND THE PLANAR COIL
To calculate the mutual inductance between the coils, the lateral and angular misalignment and the transfer distance between any single-turns of the spherical cap coil and the receiving coil must be known. For convenience of calculation, it is assumed that the system works under sufficient magnetic force, making centers of two magnets (O r , O t ) are collinear with the center of the ball (O ). The diagram is shown in Fig. 4 .
As shown in Fig. 4 , when lateral misalignment occurs, the tumbler coil converts most of lateral misalignment into angular misalignment. However, residual lateral misalignment still exists due to angle. t is lateral misalignment, and t A is residual lateral misalignment. A is angular misalignment of spherical cap coil. The angle of the tumbler (A) can be deduced from:
The residual lateral misalignment between coils is:
where p is the distance from the top of transmitting coil to the receiving coil (O r to O t ).
In Fig. 4 , r i is the radius of the i turn of the receiving coil. r j , r j−1 are the radius of the j and the (j-1) turn of the transmitting coils, respectively. d j is the vertical distance between the j turn of the transmitting coil and the top of the ball. α is the angle between any two adjacent turns of spherical cap coil. d coil is the vertical distance between j turn of spherical cap coil and planar receiving coil. e j is the vertical height change of j turn when the spherical cap coil rotates with the tumbler ball. r 1 is the spiral initial radius, so the coil radius for each turn is:
e j can be expressed as:
α can be calculated through the cosine formula:
where r inn is the inner radius of the acrylic ball, r l is the Litz wire diameter. d j can be expressed as:
d coil can be expressed as:
where d coil is dynamic transfer distance between each turn of the spherical cap coil and the receiving coil.
C. MUTUAL INDUCTANCE OF THE WPT SYSTEM
To calculate M , the tracks of the inductors are assumed as constant current carrying filaments [19] . Configuration of two concentric filaments is shown in Fig. 5 .
In Fig. 5 , l 1 , l 2 are length of each turn of two coil, and d l1 , d l2 is the differential of l 1 , l 2 respectively. Lateral misalignment and angular misalignment will change the mutual inductance between the coils and thus change the transfer efficiency of the WPT system. In [20] , N turns spiral coil can be equivalent to N discrete concentric filament loops, and the total mutual inductance can be determined by adding all these combinations of loops. So the M is obtained from the evaluation of: (14) where m and n are turns of the transmitting and receiving coils respectively, M ij is the mutual inductance between the loops i and j.
In [21] the mutual inductance between two concentric filaments was computed with variational lateral and angular misalignment by:
where R QN is the distance between d l1 and d l2 , and u 0 is permeability So the angular and lateral misalignment exists between the spherical cap coil and the planar coil, case in [18] can help deduce mutual inductance( M A ), which is expressed as (16) , as shown at the top of this page.
When only lateral misalignment exists between the spherical cap coil and the planar coil, cases in [18] can help deduce mutual inductance( M L ), which is expressed as (17) , as shown at the top of this page.
III. PERFORMANCE UNDER DIFFERENT TRANSFER DISTANCE AND LATERAL MISALIGNMENT A. EXPERMENTAL PLATFORM OF THE WPT SYSTEM
The experimental platform shown in Fig. 6 , consists of a signal generator (Tektronix: AFG3102), a power amplifier (Rigol:PA1011), an oscilloscope (Rigol: DS1302), two coils with Nd-Fe-B (N35), resistors, capacitors, and inductors. The signal generator generates sinusoidal signals to the amplifier, and the amplifier feeds energy to the transmitting coil of the WPT system. The load voltage is measured by the oscilloscope and the input voltage is kept to 5 V. The key parameters in Table 1 are measured by a LCR meter (GW Instek: LCR821) and a vernier caliper. The Litz wire (AWG16) to wind the coils has a diameter of 1.29 mm. The parameters in Table 2 was measured by above tools, r m is the radius of the magnets. r p and r s are the outer radii of the coils. r inn is the inner diameter of the acrylic ball, r out is the acrylic ball diameter. The weight of tumbler ball is measured by a tension meter (Handpi Instruments: NK-10).
B. TRANSFER EFFICIENCY OF THE WPT SYSTEM
Measurements and simulations are carried out to evaluate the misalignment tolerant performance of the suggested tumbler WPT system. In the theoretical calculation, it is assumed that the transmitting coil can track the receiving coil to make centers of two magnets are collinear with the center of the ball.
During the experiments, the transfer distance (d) varies from 1.5 cm to 5 cm, and the lateral misalignment (t) changes continuously from 0 to 10 cm, both at a step of 0.5 cm. The transmitting efficiencies at different transfer distance and lateral misalignment are measured, as shown in Figs. 7-9 . In Figs. 7-9 , theoretical values are calculated from (6), (12) , (13) and (16) .
In Fig. 7 and Fig. 8 , red lines are experimental data and colorful continuous surfaces are theoretical values. The experimental data are well in agreement with the theoretical analysis. When the tumbler is fixed, the transfer efficiency between the spherical cap coil and the planar coil decreases rapidly and gets close to zero with the increase of lateral misalignment or transfer distance, as shown in Fig. 7 . When the tumbler is movable, the misalignment sensitivity is reduced, as shown in Fig. 8 . Different from Fig. 7 , the efficiency in Fig. 8 decreases slowly in the early misalignment and then is suddenly switched to Fig. 7 . Tracking ranges of tumbler mechanism can be found based on the slope of the experimental data in Fig. 8 . This is described in detail in Fig. 13 .
Comparing Fig. 7 to Fig. 8 , the WPT system with tumbler mechanism has better lateral misalignment tolerance. However, as the transfer distance increases, the transfer efficiency and lateral misalignment tolerance decrease. The measured transfer efficiency in Fig. 8 has an 8.6% average improvement than Fig. 7 . In the tracking range of measured transfer distance, the transfer efficiency decreases 4.2% on average compared with its aligning state.
Two typical transfer efficiency slices of Fig. 7 and Fig. 8 are replotted and examined here, as shown in Fig. 9a shows the efficiency curve at a 1.5 cm transfer distance, the tracking range of 0-8.5 cm can be found. When two coils are well alignment, the transfer efficiency is 75.5%. When the lateral misalignment is changed from 0 to 3 cm, the transfer efficiency maintains over 73.5%, which is 97.4% of alignment. When the lateral misalignment is changed from 0 to 6 cm, the lowest efficiency is 68.3%, which is 90.5% of alignment. In the whole tracking zone of 0 to 8.5 cm, the decline of transfer efficiency is slow and the value is over 56.5%, which is about 74.8% of alignment. Compared with that without tumbler mechanism, the efficiency has an 18.7% improvement averagely. The green curve of measured difference shows the improvement. When lateral misalignment is 7.5 cm, the peak measured difference is 60.8%.
With the increase of transfer distance, both the transfer efficiency and the tracking range decrease gradually, and the efficiency loss within the tracking range also increases gradually. Fig. 9b shows efficiency curve when the transfer distance is 3 cm and the tracking range is 0-6 cm. Under alignment condition, the transfer efficiency is 54.9%. When lateral misalignment changes from 0 to 3 cm, the transfer efficiency maintains over 50.4%. When lateral misalignment changes from 0 to 6 cm, the lowest efficiency is 31.5%, which is about 57.4% of alignment. When lateral misalignment is 5.5 cm, the peak measured difference is 23.7%. When the transfer distance exceeds 3 cm, the tracking range is less than 6 cm, as shown in Fig. 13 .
The specific comparison of measured transfer efficiency is showed in Table 3 .
C. LOAD POWER OF THE WPT SYSTEM
The experimental and theoretical load power with and without tumbler mechanism are shown in Figs. 10-12 .
In Fig. 10 and Fig. 11 , theoretical values are calculated from (16) , (4), (12) and (13) . The load power behaves similarly to the transfer efficiency.
In all zone measured, the load power in Fig. 10 has a 1.1 W improvement than Fig. 11 on average. In the tracking range of measured transfer distance, the load power decreases 8% on average compared with its aligning state.
Figure12a depicts the sensitivity to the lateral misalignment when transfer distance is 1.5 cm. It can be seen the load power of alignment is 3.52 W and the load power barely drops when the lateral misalignment is less than 3 cm. Up to 6 cm, the load power maintains over 3.34 W, which is 94.9% of the alignment and before 8.5 cm, the load power is higher than 2.84 W, which is 80.7% of the alignment. The average load power gets the improvement of 1.18 W, which increases 71.1% compared to the average load power (1.66 W) without tumbler mechanism. The curve of measured difference shows the improvement. When lateral misalignment is 7.5 cm, the peak measured difference is 3 W.
Figure12b shows the load power of alignment is 2.63 W when d is 3 cm. When the lateral misalignment is less than 3cm and 6 cm, the load power maintains over 2.47 W and 1.5 W, which is 93.9% and 57% of the alignment. The average load power is increased 0.56 W by an average, which is the 31.8% of the average load power values (1.57 W) without magnets. When lateral misalignment is 7.5 cm, the peak measured difference is 1.1 W. Compared with Fig. 12a , with the increase of transfer distance, not only the load power decreases, but also the tolerance of the tumbler mechanism becomes worse. The specific comparison of measured load power is showed in and Table 4 and Table 5 . Table 5 shows the performance comparison with the bipolar resonator method [23] and the optimized compensate capacitor method [10] . In [22] , [23] , when t = 1 2 coil size holds, the transfer efficiency of the bipolar resonator is almost constant. But the transfer power will be reduced by half in [22] . In contrast, the proposed system in this paper has a decline of less than 7.2% in transfer efficiency but more stable output power. In [10] , when t ≤ 1 4 coil size holds, the efficiency decline with optimal compensation capacitors is smaller than this work. When t = 1 2 coil size holds, the proposed system has smaller efficiency decline and more stable output power. This work provides a mechanical solution to keep stable transfer efficiency and output power against lateral misalignment different from optimizing coil structures and parameters adjustment. In addition, compared with [22] and [10] , this study works at lower input voltage and its core is air, so the transfer efficiency is lower. Ferrite cores might be added in this study to improve the system transfer efficiency [16] .
D. OBSERVATIONS ON WORKING MECANISM OF THE WPT SYSTEM
In the WPT system, two Nd-Fe-B magnets are 1.5 cm in diameter and 0.5 cm in thickness. The force between these two magnets can be divided into the axial magnetic force and horizontal magnetic force. Horizontal magnetic forces could also be called stiffness force to keep self-align. If the magnetic force is sufficient, the transmitting and receiving coils always can keep self-align with a certain slant angle (A). However, with the increase of rotation angle, the gravity torque will exceed the magnetic force torque. Then the tumbler returns to its original position suddenly, the self-alignment will disappear sharply. Gravity and stiffness force act synergistically on the tumbler to determine the tracking range.
The magnetic force is measured by a tension meter (Handpi Instruments: NK-10). According to principle of tumbler and torque, the tracking range of the WPT system can be calculated. The axial magnetic force, the stiffness force, the measured and theoretical tracking range is showed in Fig. 13 .
As shown in Table 2 , the weight of the tumbler is designed as 0.36 kg, which allows for maximum tracking magnetic force and maximum load power without sticking on receiving coil. Through pre-simulation (16, 17) , when the transfer distance is in the range of 0 and 1.5 cm, the WPT is in the over coupling state [24] . The load power goes down with the rise of the mutual inductance. To get higher load power, transfer distance need to be 1.5 cm. It can be known from Fig. 13 that when transfer distance is 1.5 cm, the axial magnetic force is 3.2 N. To prevent the tumbler from sticking on receiving coil tightly, the axial magnetic force need to be less than gravity of the transmitting coil.
Under the action of magnetic force, the tumbler mechanism can convert most lateral misalignment (t) of the receiving coil into the combinations of angle (A) and residual lateral misalignment (t A ) with the gravity center of transmitter as the central axis. According to (8) , (13), when transfer distance is 1.5 cm and 3 cm, the relationship is showed in Fig. 14 .
From Fig. 14 , it can be known when the transfer distance is 1.5 cm, lateral misalignment of 3 cm is converted into 0.4 cm residual lateral misalignment and 10 • angular misalignment; Lateral misalignment of 6 cm is converted into 1.1 cm residual lateral misalignment and 19.6 • angular misalignment; Lateral misalignment of 8.5 cm is converted into 1.56 cm residual lateral misalignment and 26.9 • angular misalignment. When the transfer distance is 3 cm, lateral misalignment of 3 cm is converted into 0.6 cm residual lateral misalignment and 9.2 • angular misalignment; Lateral misalignment of 6 cm is converted into 1.4 cm residual lateral misalignment and 18.3 • angular misalignment. Both the angular and lateral misalignment affect the transfer efficiency between the coils simultaneously. The conversion is summarized in Table 6 . 
E. INFLUENCE OF ANGULAR MISALIGNMENT ON TRANSFER EFFICIENCY
The experiment and simulation above are only for the cases caused by lateral misalignment of the receiving coil, not for angular misalignment. Take the AUVs in the pipeline shown in Fig. 2 as an example, the receiving coil is affected by the flow of water, which causes not only lateral misalignment but also angular misalignment.
Vertical height change (e j ) of spherical cap coil is uneven in Fig. 4 . To get the relationship between efficiency and angular misalignment, it is assumed that the dynamic transfer distance (d coil ) will not be affected by the angular misalignment in tracking process, that is, e j in Fig. 6 and (13) is always 0. Without e j , the relationship between transfer efficiency and angular of spherical coil and planar coil is shown in Fig. 15 . In Fig. 15 , the transfer efficiency increases first and then decreases with increasing angular misalignment. The greater the transfer distance is, the more obvious the efficiency improvement is, as in [17] , [18] , [25] .
When transfer distance is 1.5 cm and residual lateral misalignment is 1.1 cm, the red line in Fig. 15 shows the relationship between efficiency and angular misalignment. When angular misalignment is 0 • , the transfer efficiency at point a is 75 %. When angular misalignment is 19. The angular misalignment tolerance range for other situations can be inferred roughly from Fig. 15 . So the proposed system maintains tolerance for angular misalignment of the receiving coil while tracking the receiving coil. In sharp contrast, bipolar resonators have constant transfer efficiency, but they are sensitive to angular misalignment, and coupling can drop over 13 % with a growing angular misalignment up to 30 • [22] .
In addition from point a to b, the efficiency improvement by angular misalignment of transmitting coil is 1.2 %. This means angular misalignment of transmitting coil in case 2 increase transfer efficiency by over 1.2 %.
Consequently, the proposed system can (1) improve transfer efficiency by track the receiving coil (2) increase the tolerance range for angular misalignment of the receiving coil (3) improve transfer efficiency by angular misalignment of the transmitting coil.
However, transfer efficiency is still decreasing as the transmitting coil tracks the receiving coil in experiment and simulation above. Through simulation, specific efficiency change caused by lateral and angular misalignment can be known. It can be seen from Table 7 that lateral and angular misalignment has a small impact on efficiency, and the biggest effect is the variance of vertical distance caused by the angular change of the spherical coil. Under the research environment three features of the spherical cap coil are obtained: (1) the spherical cap coil can track the planar coil by rotation without touching the planar coil; (2) the spherical cap coil can improve transfer efficiency by angular misalignment; (3) the spherical cap coil can increase the tolerance range for angular misalignment of the receiving coil; (4) the variance of vertical distance (e j ) caused by angular misalignment of tumbler mechanism is the main factor causing the efficiency decline.
There are ways to reduce the variance of vertical distance, such as reducing the diameter of the lower half-ball or replacing the ball with an ellipsoid. The spherical coil should be used reasonably to achieve better lateral misalignment tolerance.
IV. CONCLUSION
In this study, the spherical cap coil with a tumbler mechanism is suggested which converts most of lateral misalignment into angular misalignment to keep alignment power and efficiency.
Through the theoretical analysis and experimental comparison, when the transfer distance is 1.5 cm, the WPT system has a 75.5% peak efficiency and a 3.52W load power at zero lateral misalignment and maintains over 92.9% of the peak load power and efficiency up to 6 cm lateral misalignment (100% of coil radius). In other transfer distances, different improvements are observed. The WPT system proposed in this paper provides a new stable transmitting way for a receiving coil.
